Introduction
In blast furnace operation under transient conditions such as cost saving operation and blow-out operation, optimization of operating factors is of real importance. There are several major operating factors which affect the hot metal temperature, e.g. blast temperature, blast moisture, ore coke rate and PCI (pulverized coal injection) rate. When it is planned to change one of the operating factors, it is important to adjust other operating factors in order to maintain the hot metal temperature in the blast furnace. This operation is hereafter referred to as the switching operation.
The switching operation should be planned in advance so that it leads to minimum deviation of the hot metal temperature at the same time satisfying the practical operating conditions. The switching plan can be categorized in two steps, i.e. static planning and dynamic planning. Static planning determines the compensation value in order to restore the required hot metal temperature to the steady state, and this is not difficult to seek by heat balance calculations. On the other hand, dynamic planning is done in order to stabilize the transient hot metal temperature after the operating factors are changed. Usually, dynamic planning is done manually, repeating the gradual operation change with checking its effect. 1, 2) It takes a rather long period of time till the completion of the switching operation.
In this paper, the switching method for blast furnace operation is pursued, where one operating factor is changed stepwise and the other compensatory operating factor is also changed stepwise so as to minimize hot metal temperature deviation. The decision variable of the problem is the time difference between these two operations. The optimal time difference is calculated so as to minimize the evaluation function which is the square integral of the transient deviation of hot metal temperature by the switching operation. In order to provide a proper dynamic adjustment plan, it is essential to know the dynamic characteristics of the hot metal temperature against the stepwise change of each operating factor. Blast furnace simulators 3) are applied to the analysis of the dynamic behavior of the blast furnace. However, these simulators have not been used for the planning of the switching operation. In this paper, step responses of the hot metal temperature to several operating factors are analyzed, and an optimization method of the evaluation function is developed. This is a new application of the blast furnace simulator.
The layout of this paper is as follows: First of all, step responses of the hot metal temperature are analyzed against several operating factors using a blast furnace simulator. Next, two switching operations are planned based on the step responses of the hot metal temperature, and the actual operation of the blast furnace using the planned result is ISIJ International, Vol. 40 (2000) , No. 4, © In blast furnace operation, the hot metal temperature is influenced by several operating factors, such as blast temperature, blast moisture and pulverized coal injection volume. In the case when an operating factor is changed intentionally in stepwise, one or more of the other operating factors are changed to compensate for the change so as to minimize the hot metal temperature deviation. Conventionally, in actual operation, the operating factors are changed in a trial-and-error fashion. This paper studies the operation planning method for a blast furnace which compensates for the hot metal temperature deviation accompanying a stepwise operation change with another stepwise operation change. First of all, a dynamic simulator for the blast furnace process is explained. Then the step responses of the hot metal temperature to several operation changes are analyzed. Next, switching operations of coke by PC operation and coke by blast temperature are planned. This is done using the simulated results to minimize the evaluation function which is defined as the integral of the square deviation of hot metal temperature. Satisfactory blast furnace operations are achieved based on this plan. Moreover, the unimodality of the evaluation function for such a switching operation of blast furnace is shown. The unimodal property means that the proposed operation planing method is applicable for construction of the furnace operation guidance system.
shown to be satisfactory. Here, the schematic graph of the evaluation function against the time difference is drawn, and the optimal time difference is obtained from the minimum point of the graph. When the evaluation function is unimodal, 4) the optimal value can be obtained only by the numerical calculation without drawing the graph of the evaluation function. At the end of the paper, a sufficient condition for the unimodality of the evaluation function is studied.
Step Response Analysis of Hot Metal Temperature Using Blast Furnace Simulator
In the blast furnace, various phenomena such as material flow, heat transfer and chemical reactions take place which are related to each other. The hot metal temperature is determined as a result of these phenomena. The blast furnace simulator, used in this paper, analyzes the dynamic behavior of material flow, heat transfer and chemical reactions during the gas, solid and liquid phases in the furnace. The analysis covers the 1-dimensional height area from the tuyere level to the stock line level.
The mathematical model is constructed by the mass and the heat balance of gas, solid and liquid, pressure drop of gas 5) and chemical reactions. These models are described in Appendix A.
Inputs to the simulator are blast conditions (blast volume, blast temperature, blast moisture, PCI and top gas pressure), and charging conditions (ore coke rate, layer thickness and stock line level).
In order to confirm the validity of the simulator, the hot metal temperature transition calculated by the simulator is compared with that of the experimental result in an actual furnace. In this experiment, the PCI is changed stepwise, and withdrawn after 3 hr. The simulation result fits well with the measured temperature as shown in Fig. 1 . The validity of the simulator is confirmed for the other operating factors which influence the hot metal temperature in a similar way. Figure 2 shows the simulated step responses of the hot metal temperature against coke rate, PCI, blast temperature and blast moisture. The property of superposition in the dynamics is also checked using the simulator. That is when several operating factors are changed simultaneously, the change in hot metal temperature is almost the same as the summation of that against the change of each operating factor. Based on this analysis, the switching operation is planned, as will be described in the following chapters.
Planning of Switching Operation for the Blast Furnace

Planning Operation of Switching Coke with PC
The main fuels of the blast furnace are coke charged from the top of the furnace and PC (Pulverized Coal) injected from the tuyere. A PC-rich operation has been aimed at in recent blast furnace operations because the price of PC is lower than that of coke. However, when the blow-out operation is scheduled, the operation is to be changed to a coke rich one. So, PC to coke switching operation and coke to PC switching operation are carried out before and after the blow-out period. In the switching operations, the hot metal temperature should be stabilized under the conditions that the coke and PC are changed stepwise.
The response of hot metal temperature against the coke rate change has a time lag of 6-7 hr as shown in Fig. 2 correspondence is well known, so the injection rate of PC is changed after the assumed time lag of coke action. However, the hot metal temperature often fluctuates after the switching operation. Therefore, the accurate timing of PC rate change after the coke rate change is studied in this section. First of all, the step response of the hot metal temperature against the coke rate change at time 0 is calculated using the blast furnace simulator, and the transition of temperature deviation from the steady states is denoted by f 1 (t) (°C). Next, the amount of the change of PC which compensates for the coke rate change is calculated using the balance formula of the calories. The step response of the hot metal temperature against the compensatory injection rate change of PC at time 0 is also calculated using the blast furnace simulator, and is denoted by Ϫf 2 (t). The deviation of the hot metal temperature in the case where the PC rate change is carried out t hours after the coke rate change is evaluated by Eq. (1) using f 1 (t) and f 2 (t), where f i (t)ϭ0 when tՅ0. As for the numerical calculation of Eq. (1), min(0,t) is used for the lower boundary, and a sufficiently large value is used for the upper boundary. The trapezoidal rule is used for the approximation of integration. Figure 3 shows the evaluation function, and the unimodality is shown. The figure also shows that the optimal value of t is t 1 , and the accurate timing of PC rate change is t 1 hours after the coke rate change for the stabilization of hot metal temperature. Figure 4 shows the simulation results of the hot metal temperature in the case where the PC rate is changed t 1 hours after the coke rate change of 10 kg/t-pig. Figure 4 also shows that the deviation of the hot metal temperature after the switching operation is less than 3°C. Based on these results, the PC rate change is planned to be carried out t 1 hours after the coke rate change. Figure 5 shows the operation results of the blast furnace based on the above plan. The maximum deviation of hot metal temperature, in Fig. 4 , occurs 12 hr after the coke rate change. However, the hot metal temperature in Fig. 5 stays in the usual deviation range including the most critical timing. These results show the planned switching operation is effective for the stabilization of hot metal temperature.
Planning Operation of Switching Coke with Blast
Temperature In the blast furnace operation, reduction of the coke rate is attempted in order to cut down the fuel rate. In the case when the coke rate is reduced, the blast temperature is raised in order to compensate the calories. The switching operation of coke with blast temperature is planned so that the hot metal temperature should not only be stabilized but also protected against any decrease. The operation change of coke rate and blast temperature are also stepwise. The optimal timing of blast temperature change after the coke rate change is planned using the blast furnace simulator, the same as in the last section.
The step responses of hot metal temperature against the coke rate change and blast temperature change at time 0 are denoted by f 1 (t) and Ϫf 2 (t), and they are calculated using the blast furnace simulator, the same as in the last section. As for the evaluation function, it should be considered, not only to stabilize, but also to prevent a decrease in hot metal temperature, so it is defined as Eq. (2). Here, t denotes the time difference between coke rate change and blast temperature change. In Eq. (2), two weight coefficients, w1 and w2, are used for increasing and decreasing the deviation of hot metal temperature, and they are defined as w1ϭ1, w2ϭ1 000 in order to avoid a decrease in hot metal temperature. Vol. 40 (2000) , No. 4 Figure 6 shows the evaluation function F(t) calculated by simulated responses, f 1 (t) and f 2 (t). The evaluation function is also unimodal, and the optimal value tϭt 2 is found. The deviation of hot metal temperature in the case of tϭt 2 is simulated, and shown in Fig. 7 . The minimum value in Fig. 7 is Ϫ0.01°C. The value is negative but it is negligibly small for the blast furnace, and the hot metal temperature is stabilized without decreasing. As for the value of w2, several case studies were carried out. In the case of w2ϭ100, the minimum value is Ϫ0.24°C, and in the case of w2ϭ10, the minimum value is Ϫ0.94°C. In these cases, there is concern that the hot metal temperature may decrease.
In the planning of the switching operation, the value of t was decided by the following investigation. Figure 6 shows that the value of the evaluation function which increases suddenly when the value of t exceeds t 2 , because the hot metal temperature has a period of decreasing. That is, the value of the second term of Eq. (2) affects the evaluation function. In order to make an adequate safety plan, blast temperature operation is planned t 3 (Ͻt 2 ) hours after the coke rate change. Figure 8 shows the actual operation result. In the figure, there are two sorts of blast temperature actions, one is for the switching operation and the other is for the compensation to the deviation of solution loss reaction. The maximum deviation of hot metal temperature, shown in Fig. 7 , occurs 11 hr after the coke rate change. However, the hot metal temperature, shown in Fig. 8 , stays in the safety deviation range, including the timing.
Study of Optimal Time Difference
Decision Method Under the Hypothesis of Unimodality
In the two switching operations described in the former chapter, the deviation of hot metal temperature against the time difference of two operation actions is evaluated by the schematic graphs of evaluation functions. The graphs show the evaluation functions are unimodal, and the optimal time difference is decided from the smallest value of the graph.
If the evaluation function is assured to be unimodal, the optimal time difference can be decided by numerical calculation without making the schematic graph of evaluation function, which means the operation guidance system can be constructed. The golden section search algorithm 6) can be applicable for the numerical optimization. The procedure of the algorithm, shown in Fig. 9 , is as follows. The starting section is set to be a sufficiently large section for t, and the section is successively reduced by iteration and the section converges to the optimal value. The main feature of the algorithm is that the optimal value is always obtained without the use of the differential value of the evaluation function when the function is unumodal.
Study of Unimodality of Evaluation Function
In this section, the unimodality of the evaluation function, which is used in Sec. 3.1, is studied. The evaluation function is rewritten as Eq. (3) The step responses of hot metal temperature against coke rate, PCI, blast temperature and blast moisture are shown in Fig. 2 . When each response (the temperature deviation from the steady states) is denoted by f i (t) (°C), f i (t) satisfies the following conditions in Eqs. (4)- (6). The step responses of two operating factors using the switching operation are denoted by f 1 (t) and f 2 (t). When the static planning is completed, then f 1 (t) and f 2 (t) satisfy Eq.
.
First of all, it can be shown that Eq. (3) has a relative minimum value if the Eqs. (4)- (7) are satisfied. F(t)м0 is obviously satisfied, so when F(0) is denoted by F 0 , F 0 ϭ0 or F 0 Ͼ0. In the case where F 0 ϭ0, F(t) has a relative minimum at tϭ0, because F(t)Ͼ0 when t 0. In the case F 0 Ͼ0, t such that f 2 (t)ϭM/2 is denoted by t*Ͼ0, t* obviously exists because f 2 (t) has an arbitrary value of 0Ͻf 2 The condition of Eq. (6) assures that FЉ(t) is positive for all of t, so it is proved that Eq. (3) is unimodal for the objective blast furance.
Conclusions
A method of optimal planning of dynamic operation was studied which enables the stabilization of the hot metal temperature, when a stepwise change of an operating factor is intended, by giving also stepwise changes for the other operating factors. Two switching operation cases were studied, one was to increase the coke rate and to compensate by reducing PCI, and the other was to compensate the change of coke rate by adjusting blast temperature. The step responses of the hot metal temperature were analyzed by a blast furnace simulator and the time difference of the two operating factors' change was designed so as to minimize the integral of the square deviation of hot metal temperature. The switching operations based on the plan were carried out in the blast furnace without any particular deviation of the hot metal temperature. Moreover, the unimodal conditions for the evaluation function were investigated. The characteristics of the evaluation function for the switching operation of the blast furnace were studied and the unimodality of the function was proved. This property makes it possible to make the plan by numerical calculation without drawing the schematic graph of the function. This means that it is easy to construct the operation guidance system for the switching operation.
Fundamental equations are collected for mass balance, heat balance, gas pressure drop and chemical reactions, and are shown as follows: 
